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ABSTRACT 

Bioca ta ly t i c  s o l u b i l i z a t i o n  of coal can be achieved by microorganisms i n  aqueous 
medium or  by enzymes i n  aqueous or organic  media. I n  these  systems, coal is 
converted t o  a l i q u i d  product through a v a r i e t y  of ox ida t ive  and/or hydrogena- 
t i v e  reac t ions .  

The mechanism and con t ro l  of coa l  s o l u b i l i z a t i o n  a c t i v i t y  have been s tudied  i n  
organisms assoc ia ted  wi th  coa l  i n  nature.  The s o l u b i l i z a t i o n  apparent ly  
involves  c a t a l y s i s  by a lka l ine  c e l l  metabol i tes .  The aqueous product of t h i s  
microbial  ac t ion  may be a s u i t a b l e  s u b s t r a t e  f o r  o the r  b io log ica l  i n t e r a c t i o n s  
such as biogas production by methanogenic organisms. 

Enzymatic coa l  s o l u b i l i z a t i o n  has been demonstrated i n  both shake f l a s k s  and 
fluidized-bed r e a c t o r s .  The process has been ca r r i ed  out under both anaerobic 
and aerobic cond i t ions ,  with aqueous and hydrous organic so lvents .  The so lubi -  
l i z a t i o n  product of t h e  anaerobic process is much less polar  than t h a t  from 
microbial  s o l u b i l i z a t i o n .  

INTRODUCTION 

The appl ica t ion  of biotechnology t o  t he  u t i l i z a t i o n  of low-ranked coa ls  has 
become the focus of i n t e n s e  research a c t i v i t y  i n  recent  years.  
systems -- whole organisms or f r a c t i o n s  thereof -- have been shown t o  ca t a lyze  a 
v a r i e t y  of i n d u s t r i a l l y  s i g n i f i c a n t  reac t ions .  These systems have p o t e n t i a l  
u t i l i t y  i n  the  upgrading and/or transformation of coa l .  

Bioca ta lys i s  gene ra l ly  occurs under m i l d ,  "physiological" condi t ions ,  e.g. a t  
r e l a t i v e l y  low temperatures and pressures ,  and a t  pH near n e u t r a l i t y .  
Bio logica l  t rea tments  of coa l  could the re fo re  be conducted under mild r eac t ion  
condi t ions  r e l a t i v e  t o  those under which conventional thermo/chemical processes 
a r e  ca r r i ed  out. B ioca ta lys t s  c h a r a c t e r i s t i c a l l y  demonstrate high s p e c i f i c i t y  
wi th  respect to the  products  generated.  Bio logica l  treatment of coa l  would thus 
pronote the formation of s p e c i f i c  products,  inc luding  perhaps products with 
h igher  f u e l  value than  tha t  of the  o r i g i n a l  subs t r a t e .  

Biotechnology can be appl ied  t o  various aspec ts  of coa l  processing. 
ca t ion  which has received the  g r e a t e s t  a t t e n t i o n  is t he  removal of contaminating 
heteroatoms, such as s u l f u r ,  from low-ranked coa ls  by microorganisms. The use 
of b ioca ta lys t s  t o  modify c o a l ' s  carbon ske le ton  is, however, a rap id ly  deve- 
lop ing  area  of g r e a t  p o t e n t i a l  importance. 
Laboratory has focused on the b io t ransformat ion  of l i g n i t e  and subbituminous 
coa ls  by microorganisms o r  by i s o l a t e d  biochemical c a t a l y s t s  (enzymes). The 
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syn thes i s  of l i q u i d  products f r o o  coal  by b io log ica l  systems, i.e. coa l  biosolu- 
b i l i z a t i o n ,  is the  sub jec t  of t h i s  exp lo ra to ry  research.  This work w i l l  form a 
b a s i s  f o r  the development of technologies  f o r  t h e  production of clean-burning 
l i q u i d  or gaseous f u e l  products from coa l  s u b s t r a t e s .  The results of cu r ren t  
i n i t i a t i v e s  in t h i s  a r ea  a r e  summarized below. 

B ioso lub i l i za t ion  of coal  in aqueous media 

The s o l u b i l i z a t i o n  of coa l  by microorganisms was f i r s t  reported i n  1982 by Cohen 
and Gabriel le  (1). These and o t h e r  workers noted the production of l i q u i d  
d rop le t s  from coa l ,  a s soc ia t ed  with t h e  growth of mycel l ia l  organisms on t h e  coal 
surface.  Organisms competent t o  s o l u b i l i z e  coa l  were i s o l a t e d  f r o o  coal  i n  the  
environment ( 2 )  or i n  t he  l abora to ry  (3).  It was subsequently shown t h a t  these 
organisms so lub i l i zed  coa l  when cu l tu red  on t he  su r face  of common, organic  
microbiological  media. Su i t ab le  coal  s u b s t r a t e s  f o r  t h i s  a c t i v i t y  were leonar- 
d i t e ,  l i g n i t e s ,  and subbituminous coals.  I n  t h e  l a t t e r  cases ,  t h e  coa l s  
required oxidat ive pretreatment  e i t h e r  through n a t u r a l  weathering o r  by chemical 
agents  [hydrogen peroxide,  ozone, n i t r i c  ac id ,  e t c . ;  (4)l. The product of t h i s  
microbial  a c t i v i t y  was a water-soluble mixture of oxidized compounds of moderate 
molecular weight [30,000-300,000 da l tons ;  (3 ) ] .  The ma te r i a l  was enriched in 
carbonyl and hydroxyl func t ions  r e l a t i v e  t o  the  coa l  s u b s t r a t e ,  and was precipi-  
t a b l e  a t  pH 1. Its c h a r a c t e r i s t i c s  resembled those of humic ac ids ,  except f o r  
i t s  water-solubi l i  t y .  

Recent work (5.6) i n  t h i s  l abora to ry  has sought t o  determine the mechanism by 
which microorganisms s o l u b i l i z e  coa l  in vivo. Superior  i s o l a t e s  ( fung i )  have 
been cu l t i va t ed  in a defined growth medium in both su r face  cu l tu re  on agar  and 
submerged c u l t u r e  in l i q u i d  medium. These c u l t u r e  methods s imulate  fixed-bed 
and fluidized-bed b io reac to r  configurat ions r e spec t ive ly ,  which have been pro- 
posed f o r  use with t h i s  technology (Figure 1). The def ined media developed f o r  
use in t h i s  work consis ted of inorganic  s a l t s ,  supplying t h e  organism's mineral  
requirements,  plus  a s o l e  carbohydrate carbon source (5). These media support  
c o a l  s o l u b i l i z a t i o n  in v ivo  (Table 1). The use of defined media has minimized 
contamination of t h e  l i q u i d  coa l  product with organic  medium components, and 
w i l l  con t r ibu te  to  f u r t h e r  product ana lys i s .  product recovery has been expe- 
d i t e d  ,by growth and s o l u b i l i z a t i o n  under submerged c u l t u r e  condi t ions,  i.e. in 
shake flasks. use of t h i s  system has a l s o  permit ted t h e  development of a 
spectrophotometr ic  assay f o r  coal  s o l u b i l i z a t i o n ,  based on t he  appearance of 
chromophoric ma te r i a l  (absorbing in t h e  420-450 nm s p e c t r a l  range) in c u l t u r e s  
incubated with coal.  I t s  s p e c t r a l  c h a r a c t e r i s t i c s  were i d e n t i c a l  t o  those of 
t h e  material formed by t h e  nonbiological  ac t ion  of a l k a l i  on coal.  

The s o l u b i l i z a t i o n  of coa l  by d i l u t e  a l k a l i  had been demonstrated previously,  
and had been implicated in t h e  a c t i v i t y  in v ivo  (6). S p e c i f i c a l l y ,  i t  was 
thought t h a t  microbial  coa l  s o l u b i l i z a t i o n  occuted a s  a f o r t u i t o u s  consequence 
of pH inc reases  a s soc ia t ed  with growth. Evidenke i n  support  of t h i s  conclusion 
had been obtained in a l k a l i g e n i c  systems s u b s t a n t i a l l y  contaminated with p r o t e i n  
and o the r  bas i c  components. In t h e  present  work, a c t i v i t y  was de t ec t ed  i n  an 
acidogenic  system of known biochemical composition (Figure 2). These d a t a  sup- 
p o r t  an involvement of a l k a l i n e  c a t a l y s i s  in t h e  microbial  a c t i v i t y .  The da ta  
suggest  f u r t h e r  t h a t  t h e  proposed a l k a l i n e  c a t a l y s t  is produced by c u l t u r e s  i n  
s p e c i f i c  response t o  t h e  presence of coal .  

The l i q u i d  product generated by fungal  a c t i o n  on coal  may have some u t i l i t y  a s  
I 
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a feed stream f o r  the  b io log ica l  production of o the r  combustible f u e l s .  
Poss ib le  products a r e  biogas (methane) and f u e l  a lcohols .  

Methane production from pa r t i a l ly -ox id ized  compounds analogous t o  coa l  subs t ruc-  
t u r e s  has been demonstrated elsewhere. Based on t h i s  knowledge, a two-step pro- 
cess  for conversion of coal t o  methane has been proposed. Coal s o l u b i l i z a t i o n  
would be ca r r i ed  out by aerobic  microorganisms as descr ibed  above. Subsequent 
biogas production would be accomplished through the  ac t ion  of anaerobic orga- 
nisms. Preliminary tests have been conducted in order  t o  determine the  f e a s i b i -  
l i t y  of the proposed process. 

Microbial  conso r t i a  i s o l a t e d  from a municipal sewage treatment p l an t  or from a 
coa l  f l y  ash s e t t l i n g  pond were incubated with b ioso lub i l i zed  coa l  under anaero- 
b i c  condi t ions .  The l i qu id  coa l  product was nontoxic a t  low concent ra t ion  
toward microbial  growth or metabolism. Af te r  acc l imat ion .  methanogensis from 
methanol occurred with the same y ie ld  with o r  without the  coa l  l i q u i d s  present .  
Model compound s t u d i e s  were c a r r i e d  out with v a n i l l i n ,  which was shown t o  disap- 
pear from n e t a b o l i c a l l y  a c t i v e  cu l tu re s .  A def ined  growth medium was designed 
f o r  use with these  methanogenic consor t ia .  In t h a t  system, e i t h e r  v a n i l l i n  or  
t h e  coal l i q u i d  could serve as s o l e  carbon source f o r  growth and metabolism. 
Preliminary da ta  from t o t a l  o rganic  carbon ana lys i s  with the  coa l  l i q u i d  as t he  
s o l e  carbon source ind ica t ed  a t  l e a s t  p a r t i a l  degradation. These f ind ings  
sugges t  t h a t  b ioso lub i l i zed  coa l  can be u t i l i z e d  by methanogenic conso r t i a  f o r  
biogas production, accomplishing a two-step conversion of coal t o  clean-burning 
gaseous product.  These da ta  a l s o  support  t he  f e a s i b i l i t y  of using anaerobic 
microorganisms f o r  o the r  treatments of l i q u i d  coa l  product,  poss ib ly  inc luding  
t h e  conversion of coa l  t o  f u e l  a lcohol .  

The f e a s i b i l i t y  of t r e a t i n g  coa l  with enzymes in aqueous buf fer  has been 
explored. Pre l iminary  t r i a l s  were conducted with horserad ish  peroxidase and 
laccase  f r o n  P y r i c u l a r i a  oryzae. These enzymes a r e  a nonspec i f ic  oxidoreduc- 
t a s e ,  t r a n s f e r r i n g  e l ec t rons  from H202, and an oxygenase respec t ive ly .  The 
r eac t ions  were ca r r i ed  out in shake f l a s k s  under ae rob ic  condi t ions .  A 
measurable inc rease  in coal s o l u b i l i z a t i o n  occurred when laccase  was used, 
although the  ex ten t  of s o l u b i l i z a t i o n  was somewhat l o w  (Table 2). Horseradish 
peroxidase a l s o  increased  s o l u b i l i z a t i o n ,  but t o  a smal le r  ex ten t .  The.materia1 
y ie lded  by enzymatic s o l u b i l i z a t i o n  was water-soluble,  and of a p o l a r i t y  s i m i l a r  
t o  tha t  of t he  product of microbia l  ac t ion .  

B ioso lub i l i za t ion  of coa l  in non-aqueous media 

Bioprocesses involv ing  i n t a c t  microorganisms genera l ly  a re  ca r r i ed  out  i n  
aqueous environments, i.e. growth media or buffers .  Considerable excitement has 
been generated by the  f ind ing  t h a t  i s o l a t e d  enzymes can be used in organic  
so lvents  t o  ca t a lyze  c e r t a i n  reac t ions  ( 8 ) .  The bioprocessing of coa l  in nona- 
queous media would favor  the formation of nonpolar products,  poss ib ly  inc luding  
reduced compounds wi th  high f u e l  value. 

Oxidizing enzymes would be requi red  t o  ca t a lyze  the  var ious  r eac t ions  involved 
in coal depolymerization. Addi t iona l  treatment with reducing enzymes may r e s u l t  
in the  production of lowmolecular-weight nonpolar compounds s i m i l a r  t o  those 
generated by nonbio logica l  coa l  l i que fac t ion .  
increase  in hydrogen content and a reduction in oxygen content.  

These enzymes would cause a n e t  
Recovery of 
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t hese  products would be f a c i l i t a t e d  i C  these  r eac t ions  were c a r r i e d  out  in a non- 
p o l a r  organic  so lvent .  
t h e  need t o  maintain t h e  enzyme wi th in  an aqueous microenvironment i n  order  t o  
suppor t  a c t i v i t y  (8). Hydrous organic media a r e  the re fo re  used in these  
s y s  t ems. 

The p o t e n t i a l  f o r  enzymatic coal s o l u b i l i z a t i o n  in nonaqueous media was eva- 
l ua t ed  v i a  tests with horserad ish  peroxidase,  a lcohol  dehydrogenase from yeas t ,  
and/or b a c t e r i a l  hydrogenase. 
ae rob ic  condi t ions  (a i r )  using peroxidase d isso lved  in hydrous dioxane. The 
ex ten t  of coa l  s o l u b i l i z a t i o n  was somewhat increased  by t h i s  t rea tment ,  and was 
much g r e a t e r  than t h a t  prev ious ly  measured in buf fe r  a lone  (da ta  not shown). 
Subsequent tests were c a r r i e d  out  wi th  enzyme mixtures in dioxane or  pyr id ine ,  
under a reducing atmosphere of 100% hydrogen. So lub i l i za t ion  of a l eona rd i t e  
was s u b s t a n t i a l l y  enhanced by enzyme treatment (Table 3). A much smaller posi- 
t i v e  e f f e c t  was seen  in tests with bituminous coal.  

The l i q u i d  product from anaerobic coa l  s o l u b i l i z a t i o n  in organic  so lvent  was 
found t o  be so lub le  in benzene (da t a  not shown). This product thus  d i f f e r e d  
from t h a t  obtained by aerobic  t rea tment  with enzymes or i n t a c t  microorganisms in 
aqueous systems wi th  respec t  t o  p o l a r i t y  and s o l u b i l i t y  behavior. 

Addi t iona l  s t u d i e s  were ca r r i ed  out in a fluidized-bed b io reac to r  under aerobic  
cond i t ions ,  in which coa l  was t r e a t e d  with peroxidase in hydrous dioxane. 
S o l u b i l i z a t i o n  was very rap id  and was enzyme-dependent (Figure 3). 

SUMMARY 

The use of enzymes in organic  so lven t s  is coopl ica ted  by 

Preliminary experiments were performed under 

B io log ica l  t rea tments  with whole c e l l s  o r  i s o l a t e d  enzymes’has t h e  p o t e n t i a l  t o  
y i e l d  use fu l  products from low-ranked coa ls .  These products nay inc lude  clean- 
burning gaseous o r  l i q u i d  fue ls .  Coal s o l u b i l i z a t i o n  is a common element in 
t h e s e  conversions. Exploratory research  ind ica t e s  t h a t  t he  c h a r a c t e r i s t i c s  of 
t h e  product (s )  obtained a r e  dependent on t he  choice of opera t ing  cond i t ions ,  
i.e. whether in aqueous or  organic so lven t ,  and in the presence or absence of 
a i r .  The development of fu tu re  bioprocesses f o r  coa l  u t i l i z a t i o n  must bu i ld  
upon these  f ind ings ,  t o  achieve t h e  d i r ec t ed  syn thes i s  of des i r ed  products.  
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Table 1. Coal s o l u b i l i z a t i o n  by Paecilomyces TLi (3; su r face  c u l t u r e s ) a  

Coal s o l u b i l i z a t i o n C  

( %  weight loss) 

b Medium 

Complex: 

Sabouraud maltose 12.4 

Defined: 

Czapek's 

Minimal I 

25.9 

f5.31 

aCultures were grown a t  30"C, 80% RH f o r  7 d. Coal was added (0.5 g )  

bMedia contained 0.1% malose. 
CControls (uninoculated medium) exh ib i t  (5% weight loss. Weight loss 

and cu l tu re s  re incubated  f o r  7 d under the  sane conditions.  

measurements i nco rpora t e  (20% error. 

Table 2. Enzymatic s o l u b i l i z a t i o n  of ac id- t rea ted  subbituminous coal 
i n  t he  presence of 0.05 %phosphate  aqueous bu f fe r  a t  pH 6.0 

Aqueous cons t i t uen t s  
Average 

weight loss 
(%) 

Buffer only 2.5 

Buffer + 1625 u n i t s  of peroxidase/mL 4.4 

Buffer + 700 u n i t s  of laccase/mL 6.8 
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Table 3. Anaerobic s o l u b i l i z a t i o n  of coa l  i n  a hydrogen environment 
a t  ambient temperature and pressure  by enzymes in organic  so lventsa  

Weight loss of 
Liquid phase Type of coal Enzymes coa l  (%) 

Dioxane + buf fe r  Lenord i te  None 19.6 

Dioxane + buf fe r  Lenord i te  Mixedb 86.4 

Dioxane + buf fe r  Bituminous None 1.2 

Dioxane + buf fe r  Bituminous Mixedb 3.1 

Pyr id ine  + buf fe r  Bituminous None 3.0 

Pyr id ine  + buf fe r  Bituminous Mixedb 6.1 

Pyr id ine  + t e t r a l i n  + buf fe r  Bituminous None 4.6 

Pyr id ine  + t e t r a l i n  + buf fe r  Bituminous Dehydrogenase 6 .0  

aThe tests were ca r r i ed  out f o r  48 h with 20 nL of l i q u i d  and 0.3 g 
of coa l  size-reduced t o  a range of -10 t o  +30 mesh i n  50-mL shake f l a s k s  
with a con t ro l l ed  gas environment i n  the  f l a s k  headspace. When enzymes 
were used, they were introduced with an a c t i v i t y  of 400 units/mL f o r  
peroxidase,  0.325 units/mL f o r  hydrogenase, and 3640 units/mL for dehy- 
drogenase. A 0 .1  M aqueous phosphate buf fer ,  pH 5 . 6 ,  t h a t  c o n s t i t u t e d  
5X (v/v) of t h e  l iTu id  so lu t ion  was used. 

genase in equal  weight proportions.  
bThe enzyme mixture included peroxidase,  hydrogenase, and dehydro- 

I' 

I 
,I 
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Flgure 1 ORNL owa 85-124s 

Fig. 1 Two possible bloreactor conf igurations for  t h e  mlcroblal 
l iquefact ion of coal. 

Flgure 2 ORNL DWO 88-0800 

1 1 1 1 1 1 1 1 1 1  I 1.8 
4. 
Y .4 

0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  

LENGTH OF INCUBATION (d) 

0 CULTURE DRY WEIGHT pH (CONTROL CULTURES) 
A PEAK ABSORBANCE' 420-460 + pH (CULTURES wlCOA0 

Flg. 2 Coal solubi i l r a t l o n  i n  an a c l d c p n l c  system. 
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